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Time-resolved normal plate impact experiments and spall recovery experiments were conducted to study
the spall behavior of AZ31B-4E magnesium alloy processed via Equal-Channel Angular Extrusion (ECAE).
The spall strength and incipient spall damage in the specimens were measured at different shock stresses
using 51 mm and 105 mm bore gas guns. The Hugoniot Elastic Limit (HEL) was measured to be approx-
imately 181 + 3 MPa. The spall strengths extracted from the free surface velocity profiles of the shocked
specimens were found to decrease by 5% for shock stresses ranging from 1.7 GPa to 4.6 GPa. However,
this reduction in spall strength may fall within the experimental error. Post-test fractographic exami-
nations of recovered specimens revealed that spall failure originated at micrometer-size intermetallic
inclusions and propagated through the material by cavitation events with a very limited growth of voids.
It was concluded that the strengthening of AZ31B-4E magnesium alloy by the ECAE-process resulted in
adverse effects on its microstructure and spall behavior because of the process-induced cracking of in-
termetallic inclusions and their weak interface strengths.
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1. Introduction

Magnesium (Mg) and its alloys have gained much attention for
its potential in defense applications [1,2]. In part, this is because
of their high strength-to-weight ratio and potential for further
improvements in strength and ductility. Over the past few decades,
many researchers have attempted to study the shock response of
Mg in various forms, including single crystals, grain colonies,
and Mg-based alloys [3-6]. These studies, however, focused on
different research objectives. As such, the discussion of the mecha-
nisms associated with the shock process, such as spall, was not
thoroughly integrated with the post-test microstructural observa-
tions. Thus, further qualitative and quantitative studies of the Mg
microstructures are needed to fully understand their response
and behavior to shock loading (including spallation), and to
establish the underlying processing-microstructure-property
relationships.

Mg and its alloys have a hexagonal close-packed (hcp) crystal
structure, and therefore, only a limited number of slip systems are
available for deformation near room temperature. Effectively, this
translates into poor formability and ductility. Of all the ways to
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improve the dynamic strength and ductility of Mg and Mg alloys,
Severe Plastic Deformation (SPD) techniques have gained much at-
tention in recent years [7-12]. This is likely due to the fact that large-
volume bulk samples of ultra-fine-grained materials can be produced
at reasonable cost. Such fine-grained microstructures also exhibit
high strengths while maintaining reasonable levels of ductility
that, potentially, might improve the spall response of this class of
materials.

A fundamental understanding of dynamic and shock deforma-
tion phenomena in Mg-based materials prior to the dynamic fracture
and failure process became thus a key target of the manufactur-
ing industry, leading to the development of advanced alloys with
enhanced properties. These require systematic studies of pure Mg.
In this context, for instance, Li [13] investigated the dynamic be-
havior of a Mg single crystal under <c> axis compression and found
that the secondary pyramidal slip is the main deformation mech-
anism under dynamic compression loading. More recently, Dixit et al.
[14] also studied dynamic deformation mechanisms of a Mg single
crystal along the crystallographic <a> axis and found a large frac-
tion of deformation twins of different variants under post-test
microstructural characterizations. In other related studies, the shock
response and spall strength of Mg single crystals have been mea-
sured in directions parallel and perpendicular to the <c> axis of the
hep structure and at 45° to the <c> axis [15,16]. These studies have
shown that the Hugoniot elastic limit (HEL) is the largest for the
material shocked along the <c> axis. Further, microstructural
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characterizations revealed intense twinning with a greater density
of twins near the impact surface.

The formation of deformation twins under shock-loading was
also observed and suggested in the case of polycrystalline Mg ma-
terials [6,17]. This phenomenon has also been observed in more
systematic studies in the quasi-static and dynamic regimes, which
revealed that the deformation twinning is strain rate sensitive as
the fraction of twins increases under dynamic loading conditions
[18-20]. Some other effects, such as temperature [5], texture [6] and
grain size [21] on the spall strength of different Mg alloys, have been
discussed in the existing literature. All were found to affect the spall
strengths.

Many past studies have paid particular attention to AZ31B Mg
alloys. Effects of texture and grain size on their dynamic response
have been already studied at lower impact velocities by Asgari and
co-workers [22,23]. It has been reported that their strong basal
texture led to remarkable anisotropy of stress and strain. The later
study [23] reported that the material with coarse grain microstruc-
tures exhibits a decrease in strength and ductility. Also, the total
fraction of twins and strain hardening rate increase with larger grain
sizes. The spall behavior of AZ31B Mg alloy has also been studied
in the past years [3,4]. For example, Schmidt et al. [4] studied the
temperature dependent spall threshold of AZ31B-H24 Mg alloy and
reported spall strength values of approximately 1.5 GPa near room
temperature, and approximately 0.2 GPa near the solidus or the
melting point. McQueen et al. [3] estimated the spall strength of
AZ31B Mg alloy from the free surface velocity profiles to be ap-
proximately 0.8 GPa.

In this paper, we aim to investigate the spall properties of
AZ31B-4E Mg alloy, where 4E’ stands for a hybrid route in the
Equal-Channel Angular Extrusion (ECAE) process. The ECAE process
results in an overall improvement of strength and hardness while
still resulting in an acceptable ductility level. Such properties
are especially desirable in dynamic applications. To this end, we
aim to identify the spallation mechanisms with respect to the
processing—microstructure-properties relationship.

2. Experimental procedure
2.1. Equal-channel angular extrusion

A rectangular Mg alloy (AZ31B-H24) plate with the dimen-
sions of 152.4 mm x 152.4 mm and a thickness of 12.7 mm was
extruded by ECAE through a die using a hybrid 4E route. The 4E route
implies that the plate was rotated about the plate normal 180° after
the first pass, 90° after the second pass, and 180° after the third pass,
and extruded through the die for a total of four passes. The plate
processing temperature was varied from 498 K during the first two
passes then was dropped to 473 K on the last two passes. The ex-
trusions were performed with a back pressure ranging from 4.14 kPa
to 6.89 kPa and the extrusion speed was 4.6 mm/min. The nominal
grain size resulting from this ECAE process and for this Mg alloy is
approximately 3 um. Plate impact specimens were fabricated using
wire electro-discharge machining from the through-thickness di-
rection of the plate (which is also the shock direction). Listed in
Table 1 are the measured density and wave speeds from which the

elastic constants were calculated. The values listed in Table 1 are
consistent with those found in the open literature.

2.2. Plate impact experiments

Shock experiments were conducted using a single stage 51 mm
(smooth bore) and 102 mm (slotted bore) diameter gas guns at the
U.S. Army Research Laboratory (ARL, Aberdeen Proving Ground). The
51 mm diameter gun was used for impact velocities equal to or less
than 700 m/s and the 102 mm diameter gun for velocities greater
than 700 m/s. Both, in-situ (real-time) spall and ex-situ (end-
state) recovery experiments were conducted using the standard plate
impact technique. The basic loading configuration was previously
described by Williams and co-workers [24-26]. For this investiga-
tion, all plate impact experiments were symmetric, that is, both the
flyer and target materials were identical. The nominal diameter of
the specimen for the spall experiments was approximately 42 mm
and the thickness was approximately 6 mm. The flyer had a nominal
diameter and thickness of 42 mm and 3 mm, respectively. Spall re-
covery specimens were 3 mm thick and 19 mm in diameter. The flyer
had a nominal diameter and thickness of 42 mm and 2 mm, re-
spectively. A series of charged pins were used to determine the flyer
velocity and the uncertainty associated with the pin positions was
determined to be less than 1.0 x 10~* mm, corresponding to an error
associated with the final velocity of the flyer of less than 2%. Using
laser alignment, the tilt was determined to be normal to within
0.5 mrad. The free surface velocity-time histories were acquired using
Photonic Doppler Velocimetry (PDV) from which the corrected spall
strengths were calculated.

2.3. Characterization techniques

A typical specimen used in the plate impact experiments
(unshocked) was metallographically prepared to study the micro-
structure of the as-processed material. The investigation was
performed in the plane of the specimen, which is normal to the shock
direction (the through-thickness direction of the plate). The metal-
lographic preparation process involved mechanical polishing using
1200 (P-4000) grit SiC paper, which was followed by final polish-
ing with a 0.05 um colloidal silica suspension. Subsequently, in order
to remove damaged surface layers caused by the mechanical pol-
ishing, the sample was ion-milled using a Fischione 1060 SEM Mill
ion-milling system at 4.5 keV ion beam energy for 5 minutes with
a 2° specimen tilt angle.

Microstructure analysis was performed using a TESCAN MIRA3
field emission Scanning Electron Microscope (SEM) equipped with
a fully automated electron backscatter diffraction (EBSD) analysis
system and Energy Dispersive Spectroscopy (EDS) capabilities. The
resulting EBSD maps were analyzed with the OIM™ software from
TexSem Laboratories (TSL). The EBSD analysis was performed with
a step size of 0.1 um. The secondary phases were not the subject
of interest in this study. The chemical analysis of the specimen was
carried out with an operating voltage of 15 keV and a minimum spot
size of 0.8 um. The TEAM™ software (EDAX, Inc.) was used in the
chemical characterization of the specimen.

Table 1
Measured wave velocities and calculated elastic constants (based on 5 measurements).
Measured Measured Long. Shear Density Bulk Lame’s Elastic Shear Poisson
thickness diameter wave speed wave speed modulus constant modulus modulus ratio
t d (e} Cs [kg/m3] K A E u v
[mm] [mm] [km/s] [km/s] [GPa] [GPa] [GPa] [GPa]
Average 5.890 41.938 5.820 3.065 1773.750 37.867 26.758 43.596 16.664 0.308
Std. Dev. 0.007 0.008 0.020 0.009 5.355 0218 0.211 0.136 0.054 0.001
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The shock-recovered specimens were carefully sectioned
(parallel and perpendicular to the axis of the specimen) and
metallographically prepared for the SEM examination. A Leica
Microsystems optical microscope was also used to image the cross-
sections of the shocked specimens.

3. Microstructure

The elemental constituents of the as-processed material were
determined by the EDS technique. Fig. 1 shows a typical EDS spec-
trum of a larger (~ 1 mm?) representative area of the specimen. It
shows a major peak of Mg (balance) with a detectable amount of
Al, Zn, Mn and few other elements. A list of elements identified and
their atomic concentration (at.%) is also presented. The resultant com-
position is in good agreement with other AZ31B Mg alloys, for
example see Ref. [27].

Fig. 2a shows a typical EBSD map collected from the (unshocked)
specimen in the plane normal to the shock direction (for refer-
ence, see the schematic drawing of the specimen). The microstructure
is composed of submicrometer-sized grains with a presence of a crys-
tallographic texture. The corresponding pole figure of the mapped
grains is shown in Fig. 2b. Use of this ECAE processing route re-
sulted in the development of a strong< 0001 > fibre texture
component (6-7 times random) parallel to the direction of the
impact. The fibre texture is not ‘perfect’ as there is not normally
distributed scatter about the ideal orientation. The grain-size dis-
tribution as obtained from the EBSD analysis is presented in Fig. 2c.
The grain size range is small (0-6 um) and can be fitted by a log-
normal function. The arithmetic and the area-weighted mean grain
sizes were measured to be 1.35+0.77 um and 2.34 + 1.28 pm, re-
spectively. Such microstructural characteristics, with regards to
texture and grain sizes, are very common for hcp materials fabri-
cated via SPD processing routes [27].

Fig. 3(a-c) show SEM micrographs at increasing magnifica-
tions of the (unshocked) specimen in backscattered electron contrast
(BSE) mode. Note that BSE mode provides phase contrast based
on composition variation. Thus, the brighter area in the image
corresponds to a higher atomic number material. As in previous ex-
periments, the images were taken on the surface of the specimen
that lies in the plane normal to the shock direction (for reference,
see the schematic drawing of the specimen with the attached co-
ordinate system). Fig. 3a shows the investigated specimen with the

6000 T T T T
Atomic % Mg
| Mg -93.93 |
S000f o 546
- Mn - 0.24
7 Zn-0.38
"g 4000f ¢, o35 T
Si-0.15
3 Cu-0.06
g 3000f  N;j-o0.00 1
= Fe -0.04
@ Others - 1.88
S 2000} d
-
£
1000} ]
O Fe Cu
Ca Mn Ni Zn Al
0 1
0.0 0.5 1.0 15 2.0 25

Energy [keV]

Fig. 1. SEM/EDS spectrum of the AZ31B-4E Mg alloy. A list of identified elements
and their atomic concentration (at.%) are included.
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Fig. 2. Microstructure characteristics of the AZ31B-4E Mg alloy: (a) inverse pole figure
map; (b) local texture variation; (c) grain size distribution.

area of interest boxed and shown at higher magnification in Fig. 3b.
The presence of secondary phases in the material is prominent. These
secondary phases are irregular in shape, heterogeneous in size, and
rather uniformly spread in the material over distances of the order
of tens of micrometers. It is difficult to develop an accurate quan-
titative analysis of the precipitate distribution because of the complex
morphology of the sometimes clustered and fragmented precipitates.
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Fig. 3. SEM micrographs of the unshocked specimen in backscattered electron con-
trast (BSE) mode, where: (a) investigated specimen; (b) zoomed-in investigated surface
with indicated secondary phases; (c) high-magnification observations of the spec-
imen showing a cluster of broken secondary phases and precipitates responsible for
strengthening in this alloy.

Also, it is challenging to separate the population of broken Al-Mn
inclusions from submicron-sized strengthening particles using stan-
dard image-processing technique. That said, the average spacing
between the secondary phases was estimated to be approximately

65 um. Note that the distance between phases is much greater than
the area investigated by the EBSD technique. Moreover, these phases
are often arranged in clusters (indicated by the arrows in Fig. 3b).
A more detailed investigation at higher magnification of such
cluster of secondary phases is shown in Fig. 3c. As revealed by
the figure, it is a rather discontinuous streak of broken fragments
formed as a consequence of the ECAE processing route. The shape
of these fragments suggests that they are likely brittle, and the lack
of BSE contrast indicates that they are rather homogeneous in chem-
ical composition. The presence of brittle inclusions in light alloys
and metals is a major problem for most Severe Plastic Deforma-
tion (SPD) processes. For example, Whelchel et al. [28] studied the
spall response of Al 5083 fabricated by combined equal-channel
angular pressing (ECAP) and rolling, and found that the spall strength
of the material decreased due to the cracking of inclusions caused
by the cold rolling.

Note that some previous studies on AZ31B Mg alloys have also
reported the existence of intermetallic phases [29,30]. These phases
have been identified as uniform, round to oval in shape, and ranging
in size from a few to several micrometers in diameter. Therefore,
the present study has revealed certain limitations of using the
ECAE technique for this Mg alloy. That is to say, if the material is
composed of large brittle inclusions, and is exposed to the ECAE
process, there is a strong likelihood that these inclusions will break
down and, thus, potentially introduce weak interfaces to the ma-
terial. Such an example of a broken down inclusion acting as a weak
interface (much like a void would) is indicated by an arrow in Fig. 3¢
(such inclusions with sharp interfaces provides stress raisers). These
findings might have important implications for understanding shock
deformation processes undergoing in this ECAE-processed Mg alloy.
This is because the pre-existing voids might act as spall nucle-
ation sites when the incident compressive and reflected tensile waves
interact.

Fig. 3c also shows the degree of precipitation strengthening in
the material. This is manifested through a uniform distribution of
closely spaced submicron-sized particles throughout the alloy. The
function of such precipitates is to impede dislocation motion through
the alloy and thus improve the strength of the material. The ob-
served precipitates are believed to have different chemistry than the
large secondary phases due to the slightly different BSE contrast.

Fig. 4 presents the results of the EDS analysis of a typical pre-
cipitate cluster of the secondary phases and the surrounding AZ31B
alloy material, where the SEM micrograph of the investigated area
is presented in Fig. 4a, and elemental maps of Mg, Mn, Al, Fe and
Zn are presented in Fig. 4(b-f), respectively. The large phases appear
to be intermetallic and composed of Al, Mn and to a lesser extent
Fe, as deduced from Fig. 4(c-e). In contrast, based on the elemen-
tal maps, Al and Zn are more likely concentrated in the smaller
precipitates. However, it is not possible to determine the true
composition of the small precipitates. This is due to the inherent
limited resolution of the EDS analysis (0.8 wm of the sampling area
size).

The investigated cluster of secondary phases, similar to that
shown in Fig. 3¢, has an internal void of considerable size (indi-
cated by the arrow in Fig. 4a). It is assumed that this is a void because
the corresponding EDS map of Mg (Fig. 4b) does not reveal much
evidence of elemental Mg in this area (compare the area indi-
cated by the arrows in Fig. 4(a-b)). It should be noted here that such
voids near the intermetallic inclusions were not very common at
sub-micron scale (there were only a few examples on the investi-
gated surface of the specimen). More detailed and more in depth
observations would be useful. For example, examination using
Transmission Electron Microscopy (TEM) would provide better op-
portunities, wherein, the interfaces between these phases and the
alloy material might be seen in much more detail to confirm the
weakening effect of nanovoids.
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Fig. 4. Combined SEM/EDS map analysis of the AZ31B-4E Mg alloy, where: (a) SEM micrograph of the investigated area; (b) EDS elemental map of Mg; (c) EDS elemental
map of Mn; (d) EDS elemental map of Al; (e) EDS elemental map of Fe; (f) EDS elemental map of Zn.

4. Spall response

Fig. 5 shows the velocity-time profiles of the free surface motion
of the shocked samples at different impact velocities. The origin of
the time axis corresponds to the arrival times of the elastic precursor
at the rear surface. The average peak free surface velocities mea-
sured by PDV were 391.0 + 1.6 m/s, 571.8 £ 2.6 m/s, 848.1 £ 0.9 m/s,
and 995.0 + 2.5 m/s, respectively. These correspond to shock stresses
of 1.68 GPa, 2.51 GPa, 3.86 GPa, and 4.60 GPa, respectively. All free
surface velocity profiles in Fig. 5 show an elastic precursor wave that
is followed by a plastic shock wave. Such profiles are characteris-
tic of elastic-plastic materials undergoing shock compression, release,
and spall. The nominal HEL determined from the velocity-time
profiles is approximately 181 + 3 MPa.

The spall pulses in the free surface velocity profiles are well
defined (indicated by the black arrows). These appear as a conse-
quence of void nucleation, growth, and coalescence inside the
specimens. The spall fracture is initiated due to the interaction
between reflecting tensile waves. If the resulting tensile stress in
the specimen meets the threshold for void nucleation, growth, and
coalescence, then spall fracture can initiate inside the specimen. The
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Fig. 5. Free surface velocity profiles measured in the specimens shock-compressed
at the impact velocities of approximately 391 m/s (blue), 571 m/s (red), 848 m/s
(green), and 995 m/s (black). The spall pulses are indicated by the black arrows. The
inset is an enlargement of the Hugoniot elastic limit area (indicated by the red arrow)
in the velocity profiles.
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Fig. 6. Spall response and pullback velocities of the shock-compressed specimens.

velocity pullback (the difference between the maximum velocity at
the Hugoniot state and the minimum velocity before the spall pulse),
which is an indirect stress measurement through the momentum
equations, is used for calculating the spall strength.

Fig. 6 presents the pullback velocity and the corrected spall
strengths as a function of shock stress. Note that the correction for
the spall strength was calculated in accordance with Ref. [31] to
account for elastic-plastic effects. The results show a reduction in
the pullback velocity as a function of shock stress. More precisely,
a ~ 15% decrease of this property was found as the shock stress in-
creases from approximately 1.7 GPa to 4.6 GPa. The observed
reduction in spall strength (~ 5%) is smaller for the investigated shock
stresses, and more spall experiments are needed at higher shock
stresses to confirm the reduction in spall strength. Further exper-
imental efforts, however, should be coordinated with spall
simulations for a better understanding of the interacting waves.

Also, it should be noted that the corrected spall strengths
reported in this study for the ECAE-processed AZ31B Mg alloy
(AZ31B-H24 Mg alloy as starting material) are lower than the spall
strength value (1.5 GPa at room temperature') reported for AZ31B-
H24 Mg alloy in Schmidt et al. [4], for example. Despite the possible

1 In Ref. [4], the method applied for calculating the spall strength is described with
a lack of details. Note that the spall strength reported in our study is corrected to
account for elastic—plastic effects [31].
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Fig. 7. Optical micrographs of the cross-sections of the specimens shocked at 187 m/
s, 300 m/s and 401 m/s.

differences in the microstructure of these two AZ31B Mg alloys,
and what follows potential variations in the spall strengths, the
lower values of the resistance to spall fracture shown by the ECAE-
processed material are most likely to be associated with the
processing technique. In order to understand the material under-
going spallation or spall failure, further plate impact recovery
experiments have been performed, which have been followed by
post-test fractography. These are as discussed in the next section.

5. Failure mechanisms

Spall recovery experiments were used to initiate incipient spall-
ation damage in the specimens. These experiments were performed

at velocities ranging from 100 m/s to 400 m/s. Fig. 7 shows the optical
micrographs of the cross-sections of the specimens shocked at 187 m/s,
300 m/s, and 401 m/s, respectively. Post-mortem examination of the
recovered specimens showed no obvious visual evidence of damage
up to 187 m/s. However, higher velocity spall recovery experiments
revealed a well-developed spall plane in the specimen. Therefore, it
may be surmised that for this Mg alloy the threshold velocity for spall-
ation lies within the range 187-300 m/s, and the damaged volume
extends farther from the spall plane for the higher velocity impacts.

Fig. 8(a-d) show the SEM results of the specimen shocked at
401 m/s. An overall view of the damage zone in the specimen is pre-
sented in Fig. 8a. The spall can be characterized as having multiple
failure planes (with one dominant principal plane), which are in-
dependent of each other at the early stage of spallation. The principal
spall plane is rather rough, and suggests that the microstructure and
its intrinsic substructural inhomogeneities play an important role
in this failure process. This is especially true for large intermetal-
lic inclusions, which create interfaces with respect to the soft matrix
Mg, in turn, being a source of weakness. Indeed, there are numer-
ous examples where voids nucleate from clusters of inclusions in
the vicinity of the spall plane. Such well-developed voids sur-
rounded by the large intermetallic inclusions (indicated by the
arrows) are presented in Fig. 8b. These voids initiate near the center
of the particle fragment cluster (such as the one in Fig. 3c), and their
growth direction and shapes are rather complex. The following
subfigures show the same type of inclusions near the edge of the
spall plane and inside the spall plane. Fig. 8c, for example, shows
the presence of inclusions (indicated by the arrows) near the edge
of the principal spall plane, which was taken at the location indi-
cated in Fig. 8a. Note the similarity in shape and size between the
inclusions presented in Fig. 8b and Fig. 8c. These were common ob-
servations in this cross section plane all along the damage zone and
inside the spall planes. Fig. 8d shows such a broken intermetallic
inclusion on the fracture surface inside the principal spall plane. Its
location is indicated in Fig. 8a. Interestingly, note the presence of
nanovoids on the surface of the inclusion (as indicated by the en-
larged view of the area boxed in Fig. 8d). These nanovoids likely form
within the matrix Mg which is in direct contact with the interme-
tallic inclusions. These are discussed in more detail later in this
section. Further analysis of the inclusions on the fracture surface
is facilitated by sectioning the specimen parallel to the spall plane.

Fig. 9a shows the SEM micrograph of the same specimen (shocked
at 401 m/s) polished down to approximately one-half of its thick-
ness. The following areas of interest are indicated in this figure by

Fig. 8. SEM investigation (BSE mode) of the cross-section of the recovered specimen shocked at 401 m/s: (a) closer view of the damage zone showing multiple spall planes;
(b) spall formation and void growth originating from the clusters of inclusions in the vicinity of the spall plane (the inclusions are indicated by the arrows); (c) interme-
tallic inclusions at the edge of the spall plane; (d) intermetallic inclusions inside the spall plane.
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Fig. 9. SEM investigation (BSE mode) of the mid-plane (spall plane) of the recov-
ered specimen shocked at 401 m/s: (a) investigated specimen (the red arrow in the
schematic drawing indicates the position of the plane of the specimen under in-
vestigation); (b) zoomed-in fracture surface at the center of the spall plane with
intermetallic inclusions indicated; (c) zoomed-in fracture surface at the edge of the
spall plane with intermetallic inclusions indicated.

the arrows and shown at higher magnification in Fig. 9(b-c). The view
isin the direction normal to the spall plane (see the schematic drawing
of the sample). Note that the spall surface is not planar and, conse-
quently, the fracture surface is at various distances from the polished
surface. A more detailed investigation at higher magnification of the
damage zone confirmed that the large intermetallic inclusions play
a crucial role in the failure process. Fig. 9b shows the fracture surface

of the specimen in the center of the spall plane. Two clusters of in-
clusions are indicated by the arrows. Similar clusters of inclusions
were observed at the outer regions of the sample (Fig. 9c). It is likely
that these clusters of inclusions were formed during the ECAE process
(when compared with Fig. 3c) and not as a result of the void growth
(or spall plane expansion). Nevertheless, their locations on the frac-
ture surface, and probably most important their prevalence, suggest
that these inclusions act as initiation sites for spall failure.

In addition, particular attention must be given to the fact that a
vast majority of the fracture surface is populated by submicron-
sized voids. See, for example, Fig. 9b that shows widespread dimples
over the fracture surface. It is generally assumed that such dimples
are formed due to void nucleation from either particle cracking or
debonding of the particle-matrix interface. The SEM observations,
however, showed no direct evidence for the formation of these very
small voids at the previously-discussed intermetallic inclusions. It
is most likely that they are formed at strengthening precipitates,
which are commonly reported (as in Fig. 3¢). This assumption is based
on observations that the strengthening precipitates were fre-
quently reported on the fracture surfaces. However, some other
mechanisms, such as shock-induced vacancy generation and clus-
tering that potentially are followed by nanovoid growth [32,33], might
also be taken into consideration under these loading conditions.

In the discussion related to Fig. 8d, which concerned the inves-
tigation of the cross-sections of the specimens, we reported the
formation of nanovoids on the fracture surfaces (Fig. 8d). These ob-
servations were confirmed in the direction normal to the spall plane.
Fig. 10 shows the SEM micrograph of such a fracture surface in the
center of the spall plane with the enlarged view of the boxed area.
These nanovoids seem to be nucleated near the interface between
the intermetallic inclusions and the matrix Mg. Therefore, assum-
ing that the spall failure initiated at these locations, the nanovoids
appear to be the main causative factor or ‘actor’ at the early stage
of spallation. All these make the spallation mechanisms more com-
plicated, because even the damage near the intermetallic inclusions
has a separate, lower-scale mechanism.

Finally, this paper sought to develop the processing—microstructure-
property relationship. In this context, one could assume that the ECAE
technique can provide a fine-grained material with mechanically en-
hanced properties. This is particularly true for pure metals. In the case
of AZ31B-H24 Mg alloy, however, the ECAE-process resulted in a sig-
nificant grain refinement (as expected), but also in deterioration of

Fig. 10. SEM micrograph of the fracture surface in the center of the spall plane
showing the appearance of nanovoids at the interface between the intermetallic in-
clusions and the matrix of the alloy material.
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the microstructure through the cracking of pre-existing intermetal-
lic inclusions. The streak of broken inclusions had a negative impact
on the spall behavior of this material. Therefore, there should be more
effort put into the processing of Mg alloys to avoid the formation of
large intermetallic inclusions.

6. Summary

The spall behavior of AZ31B-4E Mg alloy, where 4E’ stands for
a hybrid route in the Equal-Channel Angular Extrusion (ECAE) process,
was investigated by normal plate impact and plate impact recov-
ery experiments. The results showed that the spall strengths decreased
by 5% for shock stresses ranging from 1.7 GPa to 4.6 GPa. However,
this decrease in spall strength may fall within the experimental error
and therefore, more experiments at higher shock stresses are needed
to validate this trend. The Hugoniot Elastic Limit (HEL) was found
to be ~ 181 + 3 MPa. The microstructure before and after the tests
was characterized using scanning electron microscopy-based char-
acterization techniques (SEM/EDS/EBSD). It was shown that this Mg
alloy has a fine-grained microstructure with the presence of a strong
crystallographic texture. The material is also populated with nu-
merous fragmented intermetallic inclusions and closely spaced
submicrometer-sized precipitates. These microstructural defects (par-
ticular emphasis is placed on fragmented intermetallic inclusions)
are most likely responsible for the initiation of spall in the shocked
specimen. Based on fractographic examinations, it is also hypoth-
esized that the early stage of the spallation is dominated by nanovoid
formation near the interfaces between the intermetallic inclusions
and the alloy material (the matrix Mg).
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